The sequence of 205 nucleotides adjacent to the poly(A) tract at the 3'-terminus of the mRNA encoding the N polypeptide of vesicular stomatitis virus has been determined by copying with reverse transcriptase and using 2',3'-dideoxynucleoside triphosphates as specific chain terminators. The method appears highly suitable for sequence determination in any purified mRNA. An examination of the sequence did not locate without ambiguity the limit of polypeptide coding RNA. The hexanucleotide AAUAAA, previously found in all poly(A)-containing eukaryote mRNAs, is not present, although the sequence immediately adjacent to the 3'-terminal poly(A) has a high content of A+U.
INTRODUCTION
The genome of vesicular stomatitis virus (VSV) (1) consists of a single-stranded RNA molecule. In the infected cell, a virus-specified RNA-dependent RNA polymerase transcribes five species of mRNA from this genome (2) (3) (4) (5) (6) . Such mRNA synthesis can also be obtained in vitro with disrupted virus preparations, which contain the RNA polymerase, and the mRNAs made rn vitro are indistinguishable from those produced in vivo (3, (7) (8) (9) (10) . The most abundant of these mRNAs is that encoding the nucleocapsid polypeptide N (11) . As part of a study of the fine structure of the VSV genome, we describe here an analysis of the sequence of 205 nucleotides adjacent to the 3'-terminal poly(A) tract of N mRNA.
It has recently become possible to determine sequences adjoining poly(A) in mRNA species by reverse transcribing the RNA into a complementary DNA copy, which can then be sequenced either by a "plus-and-minus" method (12) or by partial, basespecific chemical degradation (131. All variations of this general approach require the use of a "phased" primer for reverse transcription, that is, an oligonucleotide of general formula (dT) n -dN or (dT) -dN,-dN_, which will anneal specifically to the mRNA at the junction of the poly(A) tract and heteropolymeric RNA (14) . We have used this general approach of synthesizing a DNA copy, but instead of the methods mentioned above have adapted the dideoxynucleoside triphosphate chain termination system of Sanger, Nicklen and Coulson (15) , which was developed using DNA polymerase I to copy singlestranded DNA from an unique starting site.
MATERIALS AND METHODS
(1) Materials p(dT) 1 ,p(dT)g-dC and 2 ' ,3'-dideoxynucleoside triphosphates were purchased from PL Biochemicals Inc.
P-labelled dNTPs and NTPs were from the Radiochemical Centre, Amersham. AMV reverse transcriptase was the gift of J. W. Beard. Rat liver RNase inhibitor was a gift of G. D. Searle Co.
(2) Production of mRNAs of VSV The virus strain used in this work was the Indiana serotype of VSV employed by Pringle (16) .
Polyadenylated mRNAs were synthesized in vitro by detergent-disrupted virions, as follows (10, 17, 18) . Stocks of VSV Indiana were propagated and purified by standard methods (19) .
The virion RNA-polymerase reaction mix, usually 5 ml, contained 100 mM Tris-HCl pH 8.0, 100 mM NaCl, 5 mM DTT, 5 mM MgCl 2 , 2 mM ATP, 1 mM GTP, 1 mM CTP, 0.2 mM (a 32 P)-UTP (0.1 Ci/mmol),O.O25 mM S-adenosyl-L-methionine, 0.05% Triton N101, 2 units/ml rat liver RNase inhibitor and VSV, 300 ug protein/ml. Incubation was for 3-5h at 31°. 50-80% of the ( 32 P)-UTP had then been converted to an acid-precipitable form. After addition of sodium dodecyl sulphate to O.5% and EDTA to 10 mM, the RNA was recovered by two extractions with phenol/chloroform (1:1) followed by precipitation with ethanol. Poly(A)-containing RNA, comprising 70-80% of total labelled RNA, was then selected by chromatography on oligo(dT)-cellulose. RNA was extracted from appropriate gel slices by homogenizing the gel with two volumes of 500 mM NaCl, 50 mM Tris-HC1 pH 7.5, 1 mM EDTA, plus 0.5 volumes buffer-saturated phenol and 50 ug carrier tRNA. The aqueous phase was recovered by centrifuging at 10,000 g for 10 min, and the gel/phenol mixture re-extracted with buffer as before. The pooled aqueous phases were dialysed against three changes of the same buffer.
The RNA was then recovered by chromatography on oligo(dT)-cellulose and ethanol precipitation. were fractionated on a 16% acrylamide gel (as described in section 6 of these Materials and Methods) and located by autoradiography.
400ff
Labelled oligonucleotides were recovered by soaking the gel slice in 1 ml of 100 mMNaCl, 10 mM Tris-HCl, 1 mM EDTA, 0.1% sodium dodecyl sulphate overnight. The solution was then filtered through a 50-ul DEAE-cellulose column. After washing with water, the oligonucleotide was eluted with 1 M triethylamine carbonate pH 10 and recovered by several cycles of freeze drying. Samples were digested to 3'-dNMPs with micrococcal nuclease and spleen phosphodiesterase 121). 3'-dNMPs were separated by chromatography on PEI-cellulose thin layers (22) and detected by autoradiography.
Early sequencing experiments showed that the p(dT)g-dC preparation used as a phasing primer was heterogeneous. Further purification was as follows: 5 A 2 6 Q units of p(dT) g -dC were dissolved in 400 ul 0.01% xylene cyanol, 0.01% bromophenol blue, 6 M urea, containing 2 x 10 4 dpm of (5 1 -P)-p(dTu -dC (prepared by labelling the dephosphorylated compound with (y P)-ATP and polynucleotide kinase; specific activity >100 Ci/mmol). The mixture was loaded into a 30-cm slot in a 42 cm long by 38 cm x 1.5 mm slab gel of 12% acrylamide (see section 6 of these Materials and Methods) and subjected to electrophoresis at 30 W until the bromophenol blue marker was 8 cm from the end of the gel. The gel was then autoradiographed, with pre-flashed film and intensifying screen, at -70° (23).
The main labelled band was cut out and the oligonucleotide eluted with 100 mM KC1, 20 mM Tris-HCl pH 8.0. The eluate was run through a 0.5-ml column of DEAE-cellulose, which was then washed with 100 mM KC1, 20 mM Tris-HCl pH 8.0. The oligonucleotide was eluted with 1.0 M KC1, 20 mM Tris-HCl pH 8.O, and quantitated by UV absorbance. The primer was used in this form, with the KC1 contributing to the final KC1 level in the reverse transcription reactions (section 6 ) .
(6) Nucleotide sequence determination using chain terminators The principle of this method is identical to that described by Sanger, Nicklen and Coulson (15) . The conditions used for reverse transcription are based on conditions devised to optimise the yield of full length reverse transcripts of VSV mRNAs (to be published). The final protocol adopted is The products of the reactions were fractionated by electrophoresis in polyacrylamide slab gels containing 7 M urea (13, 15, 24) . Most experiments used 1.5 mm thick gels. Later experiments used 0.35 mm thick gels (24) . Acrylamide: N,N'-methylene-bis-acrylamide ratio was 30:1 in all cases. Gels and electrode tanks contained 50 mM Tris-borate pH 8.3, 1.5 mM EDTA. Other conditions are specified in Table 1 . For the 0.35 mm gels the final reaction mixes were concentrated twofold by phenol extracting, precipitating with ethanol and dissolving in 80% formamide containing 4% Ficoll, 0.02% xylene cyanol and 0.02% bromophenol blue. After electrophoresis the 32 ( P)-nucleotides were detected by autoradiography using preflashed films and intensifying screens (23). (2) Nucleotide sequence immediately adjacent to poly (A).
As the first part of our sequencing strategy we determined the sequence immediately adjacent to the 3'-terminal poly(A) tract of the mRNA, using a method based on that of Cheng et al. (14) . In the presence or absence of ddNTPs, faint bands were always found in the positions expected for residues 2-7. In Having resolved the above difficulty unambiguous sequence results were obtained to residue 2O5 using standard conditions of copying and various times of gel run on 6%-16% gels (Table   1 ) , as illustrated by Figures 3, 4 and 5. The DNA sequence so derived is presented in Figure 6 . This sequence was obtained from many gel runs which provided overlapping readings with each portion of the sequence in at least three experiments.
Further sequence data was obtained to, approximately, residue 2 50. However, this contained several ambiguities and is not presented here. portionately less intense, and in all cases much weaker than the ddNTP generated bands.
DISCUSSION (1) The technique
The method described here gave clean, unambiguous results up to residue 205, with further, tentative sequence information to about residue 250. We consider that sequence data to about 300 nucleotides are potentially attainable. In our view this method represents the best currently available approach to sequence studies on RNA by reverse transcription. The important reservation must be made that, as presented here, there is no confirmatory evidence available, such as sequencing of the complementary strand. Thus, while we emphasize that the sequence obtained is the^result of a number of experiments, the system is subject to the same limitations as other rapid sequencing techniques (12, 13, 15) and we cannot exclude a low error frequency. terminator codons for at least 158 nucleotides. On a random basis we expect around 3 such codons in phase over this length of sequence. We also examined amino acid composition and codon usage in the three frames, but concluded that this was not helpful for our present purpose. It is clear that this question can only be definitely resolved with more sequence data.
(If frame 3 is the correct reading frame, with translation terminating at nucleotides 45-47, then the sequence data predicts the C-terminal amino acid sequence of N to be Gln-Gly-Arg-Asp-Val-Val-Glu-Trp-Leu-Gly-Trp-Phe-Glu-Asp-GlnAsn-Arg-Lys-Pro-Thr-Pro-Asp-Met-Met-Gln-Tyr-Ala-Lys-Arg-AlaVal-Met-Ser-Leu-Gln-Gly-Leu-Arg-Glu-Lys-Thr-Ileu-Gly-Lys-TyrAla-Lys-Ser-Glu-Phe-Asp-Lys-COOH).
(4) The immediate 3'-terminal sequence
The sequence determined does not contain the hexanucleotide AAUAAA, which has been found near the 3'-termini of all polyadenylated eukaryote mRNAs sequenced, and near the 3'-terminus of encephalomycarditis virus genome RNA (that is, the coding strand) (32, 33) . This rather suggests that any role of the sequence concerns eukaryote mRNA metabolism per se rather than as a signal in translation. As noted above, the 
